Concentration and particle size distribution has been experimentally measured in a 2D rectangular duct under near iso-kinetic conditions for multi-sized particulate slurry. Measurements have been made at different flow velocities for various efflux concentrations in the range of 10 to 50 % by weight. It is observed that the concentration profile is highly skewed towards the bottom of the duct, which reduces with increase in efflux concentration and velocity. Similar phenomenon is observed in the distribution of individual particle size fractions with the effect being more pronounced for the coarser particles. Rozdělení koncentrace a velikosti částic bylo měřeno ve 2D pravoúhlém kanále při proudění disperze různě velkých částic za téměř iso-kinetických podmínek. Experimenty byly provedeny při různých rychlostech s dopravními koncentracemi v rozsahu 10 až 50 hmotnostních procent. Bylo zjištěno, že koncentrační profil je výrazně zešikmený ke dnu kanálu, což se však zmenšuje s růstem koncentrace a rychlosti. Podobný jev byl pozorován u distribuce částic jednotlivých velikostních frakcí. Jev se projevuje tím výrazněji, čím větší jsou částice.
Introduction
Transportation of solids in the form of slurries through closed ducts and open channels is being increasingly used in many engineering industries. Circular pipes are generally used for long distance transportation of solid material in bulk quantities whereas the use of non-circular pipes at present is limited to in-plant applications. Rectangular ducts are expected to be more energy efficient due to larger bed area and the presence of secondary currents. Chin and Seman (1971) have reported that the square ducts could replace pipes for the transportation of solids due to lower pressure loss for the same operating conditions. This is attributed to the presence of secondary currents. Prasad et al. (1980) compared experimentally the head losses for solidliquid flow for pipe and rectangular ducts of different aspect ratios keeping the cross-sectional area same. They observed that square cross-section gives a better performance at low operating velocities whereas rectangular duct with aspect ratio of 1.5 gives best performance from the point of view of head loss reduction for practically the entire velocity range investigated (4.0 m s -1 to 7.5 m s -1
). Some of the other studies reported in literature are those of Ismail (1952) , Jilan and Zhehuan (1988) and Karabelas (1977) . Ismail (1952) conducted experiments in a rectangular duct with an aspect ratio of 3.5 for sand slurry to establish the flow characteristics and to establish the values of momentum transfer coefficient and concentration transfer coefficient. He has also proposed an equation for the concentration distribution assuming two-dimensional flow. Karabelas (1977) has presented a closed form expression for predicting the vertical concentration distribution in the turbulent core of a 2-D duct. He compared his predictions with Ismail's data at low solid concentrations and observed good agreement. Literature survey has revealed that the analytical models for the prediction of concentration, particle size distribution and pressure drop for 2-D duct reported are too simplistic and can not be used for accurate analysis of solid-liquid mixtures due to the dependence of flow on a large number of flow parameters namely, velocity, solid concentration, particle size distribution etc. The models developed are simplistic due to the limited data base available and that too only for equi-sized particles. All commercial slurry flows are multi-sized and operate at velocities where the distribution of solid particles is in the heterogeneous regime. The focus of the present study is to understand the complex phenomena of solid-liquid mixtures and throw some light on the important features of the flow in a 2-D rectangular duct. Simultaneously database for the flow of multi-sized particulate slurry is generated which will help to improve the existing models available in literature and also in developing new correlations. The effect of efflux concentration and velocity on the overall concentration and particle size distribution has also been investigated in a rectangular duct having an aspect ratio of 4.
Experimental set up and instrumentation
The schematic layout of the pilot plant test set up for 100 mm normal bore (NB) pipe-line is shown in Fig. 1 . The major components of the set up are mixing tank, slurry pump, bypass line and measuring tank for flow rate measurement. The 100 mm NB loop is 60 m long provided with a magnetic flow meter for continuous monitoring of the flow rate and an observation chamber for the measurement of the deposition velocity. A 7.4m long pipe length in the straight portion of the loop is replaced by a 6m long rectangular duct of width (W) 200 mm and depth (H) 50 mm. Two transition pieces each of 0.7m length were provided on the upstream and downstream of the duct to minimize the flow disturbances in the rectangular duct. Fig. 2 shows the schematic layout of the test section. The length of the duct is 6 m and is fabricated out of 3 mm thick mild steel sheet and 12 mm thick Perspex sheet in five sections of 1.2 m length each. One central section of 1.2m length is completely made out of Perspex sheet, to facilitate the measurement of deposition velocity and flow visualization. The test set up has been described in detail by Kaushal (1995) .
For the measurement of concentration distribution and to check the two dimensionality of solid distribution in the duct, three holes were provided on the top face of the duct (200mm wide) to enable measurement of concentration field by using a sampling tube. The holes are provided with gland packing and an arrangement to facilitate the insertion and traversing of a sampling tube. The locations of these sampling points were selected such that they were at a distance of more than 4.6 m from the inlet of the duct so as to have a reasonably fully developed flow at the measurement locations. The distance between the holes and that of holes from the side walls was kept same (50 mm) (see Fig. 2 ). These holes were staggered in the flow direction by 200mm to avoid weakening of the duct wall and any interference effects. The staggering will not effect the two-dimensionality check as the sampling points are provided after the flow has reached fully developed state.
Material used and its properties
Zinc tailing material obtained from a processing plant has been used to prepare the slurry. Tab. 1 gives the physical properties of the zinc tailing material. The average specific gravity was measured as 2.82. Particle size distribution of the sample is given in Tab. 1. Particles finer than BS 200 mesh were analyzed using the standard hydrometer technique. It is seen that 98% of the particles are finer than 600 microns and 47.5% of particles are finer than 75 microns. The settling behaviour of solid particles in the suspension was determined by preparing 30% concentration (by weight) slurry which shows the slurry to be slow settling and the final static settled concentration is 58.67% by weight (Tab. 1 (iii)).
Measurement of concentration distribution
Solid concentration distribution was measured with the help of sampling tube (6 mm diameter) having a 4 mm x 6 mm rectangular opening, 3 mm above its bottom closed end. Samples were collected under near iso-kinetic conditions at various heights from the bottom of the duct by inserting the sampling tube from the holes provided on the top side of the duct to obtain the overall concentration and the particle size distribution for each of the combinations of velocity and efflux concentrations. For measuring the concentration profile near isokinetic conditions, continuous flow was allowed to take place through the sampling tube at any location before collecting the sample. Samples have been collected at six heights from the bottom of the duct namely at Y/H = 0.1, 0.2, 0.3, 0.5, 0.7, 0.9 (H = = 50). Measurements have been made at three velocities and five solid concentrations. 
Results
Preliminary measurements for concentration were done at the three vertical planes at the preselected cross section of the rectangular duct to check for the two dimensionality of the flow. Typical data from the measurements is presented graphically in Fig. 3 .
It is seen that the concentration profiles at the three lateral locations are nearly identical for different combinations of efflux concentration and velocity (C wf = 10.34% and V m = 3.5m s Fig. 4 . The concentration profile across the duct for different efflux concentration at three velocities shows that at any given velocity, the extent of skewness in the concentration distribution reduces with increase in efflux concentration. This effect may be attributed to the enhanced particle inference effect due to increased number of particles, which tends to slow down the setting of the particles. The additional cause for this behaviour could be the fact that 50% of particles are finer than 75 µ and they can be expected to be homogeneously distributed across the duct cross section, resulting in increased viscosity and density for the carrier medium. A comparative study of these figures shows that the extent of skewness also reduces with increase in velocity at any given efflux concentration. This is due to the increase in the turbulent energy forcing the particles to be in suspension. It is also observed that the concentration at the mid-horizontal-plane is not exactly equal to the efflux concentration. Further the concentration profiles are more uniform and homogeneous as compared to the profile measured in circular pipes of equivalent cross-section at corresponding flow conditions (Kaushal, 1995) . This can be attributed to the presence of strong secondary flows generated by the presence of sharp corners.
To quantify the effect of efflux concentration and velocity on the extent of skewness in concentration profile, the variation of normalized concentration at the bottom (y = 0.1 H) and top of the duct (y = 0.9 H) are presented in Figs. 5a) and b) respectively.
It is seen that at any given velocity, the values of normalized solid concentration at 0.1 H (Fig. 5a) ) and 0.9 H (Fig. 5b) ) approach unity with increase in efflux concentration, which implies that the concentration reduces in the lower half and increases in the upper half. Further the rate of approach toward homogeneity with increasing efflux concentration is not same at all flow velocities. The normalized concentrations at the top and bottom are found to reach a value of close to unity for all the three velocities almost at the same efflux concentration. From these two figures, (Fig. 5a) and b) ) it is also seen that at any given efflux concentration, with increasing flow velocity the normalized solid concentration reduces at the bottom of the duct and increases at the top of the duct. It is further seen that the effect of velocity is much less pronounced at higher efflux concentrations for the bottom concentrations where as it is marginal at all efflux concentrations for the concentration at the top of the duct.
In order to have more insight into the solid distribution across the cross section of the duct, the slurry samples collected from different heights of the 2-D duct were sieved and analyzed for determining the distribution of individual size fractions. Six size fractions namely (B.S. mesh size) -14 to +50; -50 to +75; -75 to + 100; -100 to +150; -150 to +200 and -200 were selected. For the sake of brevity, the particle size distribution at efflux concentration of 30% by weight is only presented in Fig. 6 whereas the conclusions are based on the complete results. Based on the particle size distribution given in Fig. 6 and similar data at other efflux concentration, the following conclusions are drawn. The distribution of coarser size fractions distribution is highly skewed towards the bottom of the duct and the extent of skewness reduces with increase in velocity and efflux concentration for all size fractions.
The extent of skewness is largest for the largest size fraction (-14 to +25) and does not change significantly with change in velocity where as the reduction in skewness is pronounced with increase in efflux concentration. This shows that particle -particle interaction has a dominating role in reducing the extent of skewness. The other factor responsible is the homogeneous distribution of fine particles. Further at higher solid concentrations the slurry is known to become non-Newtanian possessing yield stress which further enhances the suspending characteristics. From the analysis of results for individual size fractions, it is seen that the experimental data is quite extensive and it is not possible to present all the quantitative trends in detail. Full details of the data are given by Kaushal in his thesis (1995) .
One of the parameters which quantitatively represents the particle size distribution is the weighted mean diameter (d w ), which Gupta (1996) has defined as ∑ (w i d i )/ ∑ w i , where w i represents the fraction of the solids having a medium diameter of d i . The variation of weight mean diameter is given in Fig. 7 for all efflux concentrations.
It is seen that the extent of skewness is negligible at the highest efflux concentration even at the lowest velocity. The extent of skewness in weighted mean diameter reduces with increase in concentration and velocity. These trends support the earlier observations.
Conclusions
Extensive experimental data has been presented in a 2-D rectangular duct for multi-sized particulate slurry which will facilitate the improved understanding of the flow of slurry in rectangular ducts. These data can also be used for developing more realistic flow models for solid-liquid flow in rectangular ducts. The important trends observed are: 1. Concentration profiles in rectangular duct are skewed and the extent of skewness is less compared to pipe flow for corresponding flow conditions. The particle-particle interaction plays a dominating role in the reduction of skewness of solid distribution. 2. The particle size distribution is also skewed, where as the particles finer than 75µ are uniformly distributed irrespective of flow velocity and concentration. Skewness is highest for largest particle size and is marginally affected by velocity whereas there is a pronounced effect of efflux concentration. 3. Weighted mean particle diameter can be used to represent the variation of particle size distribution across the duct cross-section and this can be used in development of more sophisticated correlations for multi-sized solid liquid flow. mm, délku 6 m včetně přechodových částí na obou koncích, a bylo vloženo do 60 m dlouhého poloprovozního potrubního okruhu profilu 100 mm. Hlušinu pro přípravu kalu jsme získali z úpravny rudy v zinkovém dole. Pokusy byly provedeny se třemi dopravními koncentracemi (váhové koncentrace 10%, 30% a 50%). Změřili jsme koncentrační profily v potrubí při různých rychlostech. Analyzovali jsme též rozdělení částic podle velikosti. Ukazuje se, že koncentrační profily jsou skloněné, avšak úhel náklonu je menší než v kruhovém potrubí za stejných podmínek. Náklon se zmenšuje s růstem dopravní koncentrace a růstem rychlosti. Roztřídění částic podle různých velikostních frakcí ukázalo, že náklon se ve vertikální rovině zvětšuje se zvětšováním částic. Zjistili jsme též, že vážený střední průměr může být použit jako kvantitativní vyjádření proměny velikosti částic po výšce kanálu. Experimenty jsou velmi užitečné pro vyhodnocení tokových podílů při návrhu podobných kanálů. 
Seznam

